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1 INTRODUCTION 
Over recent years, Marine Renewable Energy 
(MRE) has progressed towards commercialization 
but significant barriers still stunt the growth of this 
developing industry. One such barrier is the overall 
cost of energy, which is currently significantly high-
er for MRE than other renewable energy technolo-
gies. A substantial proportion of this cost is related 
to Operation and Maintenance (O&M) activities. 
This is due to the MRE devices needing to reside in 
energetic and hence challenging environments in 
terms of both the physical accessibility of the site 
and the durability of the device itself.  
It has been shown within the wind energy sector 
that O&M costs can be drastically reduced through 
the use of condition-based maintenance scheduling, 
where the turbine is monitored for faults through a 
variety of methods (Mcmillan & Ault 2007). This is 
in contrast to the simpler methods of reactive 
maintenance (performing maintenance when need-
ed) and preventative maintenance (performing 
maintenance at regular intervals regardless of condi-
tion). One such method of monitoring is called 
Acoustic Emission (AE), currently used in-air within 
a number of industries (e.g. García Márquez et al. 
2012). 
This paper explores the practicalities of using un-
derwater AE to monitor the mechanical condition of 
(partially) submerged MRE devices. The propaga-
tion of acoustic signatures observed for MREs with-
in a specific environment is modelled using the open 
source Matlab Toolbox AcTUP (Maggi & Duncan 
n.d.). Section 2 provides an overview of AE and ex-
plores considerations related to underwater AE. Sec-
tion 3 discusses propagation of underwater AE. Sec-
tion 4 outlines applications to a Wave Energy 
Converter in Falmouth Bay (UK) and discusses the 
relevance of this study to other projects. Finally, a 
number of conclusions are drawn regarding the level 
of detail needed to produce helpful modelling results 
when considering AE from submerged structures 
such as MRE devices.  
2 ACOUSTIC EMISSION 
2.1 Basic principles 
AE is the sound produced by friction or the release 
of energy within a material. This potential energy 
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could exist due to extra stresses being placed upon 
the material. In the context of MRE devices, this 
could be from powerful wave action slamming 
against the device, mooring lines under tension, or 
from the general degradation of moving parts from 
cyclic fatigue.  
AE can take the form of signals that are: a) impul-
sive (distinct acoustic signals, separate in time) or b) 
continuous signal(s) (impulsive waveforms are not 
individually distinguishable). Systematic reviews 
show AE generally occurs at frequencies below 1 
MHz, starting at 1 kHz for airborne AE (Mba & Rao 
2006). 
2.2 Measurements and observations 
Underwater AE has started to emerge as a viable 
monitoring method and early publications suggest 
that useful information can be found at frequencies 
below 1 kHz (Walsh et al. 2015). Table 1 outlines a 
recent literature review, which together with meas-
urements in the field has guided laboratory experi-
ments investigating the underwater acoustic emis-
sion of breaking of polyester fibre ropes. Impulsive 
signals across the frequency range 50 Hz – 48 kHz, 
reaching an amplitude of up to 100 dB re 1 µPa were 
detected at a distance of < 1 m from the source. 
These levels are conservative as these high-
amplitude impulsive signals were limited by the in-
strumentation, sometimes leading to clipped record-
ings (Bashir et al. 2015).  
 Other significant results regarding MRE devices 
have found the power take off (PTO) systems of 
Wave Energy Converters (WEC) to emit broadband 
and high amplitude signals when under particularly 
high stress. Scotrenewables Tidal Power Ltd WEC, 
Pelamis WEC, Verdant Tidal Turbines and two 
point absorbers at Lysekil have all reported an in-
crease in emitted noise from devices due to unex-
pected stresses from anchors, broken blades and in-
correct assembly (Walsh et al. 2015).   
 In particular, in this paper the results of the Fred 
Olsen’s Lifesaver WEC will be used to inform the 
acoustic propagation modelling inputs. Two years of 
acoustic data was collected by a hydrophone posi-
tioned ~200 m from the WEC location over a broad-
band of frequencies (10 Hz to 32 kHz) (Garrett 
2015). Detailed time-frequency analyses showed 
that the AE signature of the active PTO system dur-
ing the WEC operation were 0.5-second duration 
bursts up to 90 dB loud, mostly between 100 Hz and 
1 kHz. Loud tonal components at 30, 60, 80 and 100 
Hz, reaching 90 dB were also recorded and attribut-
ed to the device generator (Walsh et al. 2016). 
  
Table 1. Summary quality matrix of AE of components rele-
vant to MRE devices including the maximum frequency of the 
broadband signal detected (Walsh et al. 2015).  ________________________________________________ 
Component Fault example    Maximum frequency  ____________________ 
             In air  Underwater              ____________________ 
             kHz  kHz ________________________________________________ 
Bearing   Defects on race   2000  uninvestigated 
Gearbox   Gear tooth pitting  1000  uninvestigated 
Pump   Cavitation     20   10 0 
     (incipient and  
developed) 
Rope    Fibre fractures   600   48 
     Wire fractures   600   100* ________________________________________________ 
* In air, through water 
2.3 Ambient noise from the environment 
The ocean is a noisy place, with numerous natural 
and anthropogenic sources of ambient noise. These 
sources need to be considered carefully if there is a 
possibility that underwater AE monitoring could be 
used for MRE devices. For example, will an increase 
in precipitation and sea state mask certain AE? Does 
a passing ship make the WEC acoustics indistin-
guishable from background noise? These questions 
can be addressed with propagation modelling.  
Figure 1 shows the Wenz curves, a graphical 
compilation of the noise present in the ocean from < 
1 Hz to 100 kHz (Wenz 1962). This includes con-
stant sources of sound such as the sea state and mo-
lecular agitation, intermittent natural sources, such 
as biologics and precipitation, and anthropogenic 
sources including shipping and industrial activity. 
The graph clearly shows that more ambient noise is 
concentrated at the lower frequencies, while it is of 
lesser concern at high frequencies. 
3 REMOTE DETECTION OF ACOUSTIC 
EMISSION 
3.1 Underwater sound propagation 
AE in air is typically performed with sensors lo-
cated on a component (Mba & Rao 2006). This does 
not allow any of the AE to be lost to the propagation 
through the air. However, underwater this is not as 
large a con- 
 
Figure 1. Wenz Curves showing the effects of natural and an-
thropogenic noise in terms of both power spectral density and 
frequency within the ocean (Wenz 1962).  
cern. The speed of sound in air (at 20 °C) is 343 m s-
1 compared to 1481 m s-1 for the speed of sound in 
(fresh) water (at 20 °C). This increase in sound 
speed underwater enables AE to travel greater dis-
tances and still maintain a large proportion of its 
amplitude, up to several kilometers away in some 
cases.  
 Sound propagation in sea water depends on a 
number of contributing factors of which the most 
important are temperature, pressure and salinity 
which together modulate the sound speed profile 
down the water column. Other factors then include 
depth, and hence spreading laws to consider, as well 
as surface boundary roughness, seabed bathymetry 
and sediment (Etter 2013). Each of these factors may 
have different influences on different frequencies. 
The simplest calculation that can be done to con-
sider the propagation of a sound signal is to calcu-
late the transmission loss (TL) due to spreading. This 
is often calculated as:  
 
                     (1) 
    
where R is the distance from the source to the re-
ceiver and Rref is the reference value of 1 m (Lurton 
2002). This is a compromise between cylindrical and 
spherical spreading. This calculation is a simple way 
to estimate propagation losses, but if a frequency-
dependent answer is needed, or the environment is 
not homogeneous (e.g. presence of water layers of 
different salinities or densities), a more rigorous ap-
proach is needed. 
3.2 Acoustic Propagation Models 
Rigorous propagation modelling is based upon the 
wave equation, with the assumption that the force 
term and pressure are harmonic, leading to the 
Helmholtz equation, 
 
 
                    (2) 
 
where p is the pressure, r is the position, ω is the an-
gular frequency, c is the speed of sound in the medi-
um and f is the forcing term that represents the 
acoustic sources (Duncan & Maggi 2006). There are 
a number of different models, all with ideal condi-
tions of use that solve this equation with different 
assumptions. They have all been extensively bench-
marked and tested. 
 The Normal Mode method is a full-field solution 
that solves the equation for separate horizontal and 
vertical components. It works best in the far field, in 
shallow water at low frequencies, however, the fully 
range dependent model (allowing the input of range 
dependent variables such as bathymetry) is computa-
tionally expensive. The models that use this method 
include KRAKEN and C-SNAP (Wang et al. 2014). 
 The Wave Number Integration method is an exact 
solution at close range only using a numerical ap-
proach of spectral wavenumber integration (Wang et 
al. 2014). This model only publically supports 
range-independent environments and works best 
with deep-water, high-frequency problems. The 
models that use this method include OASES and 
SAFARI (Wang et al. 2014). 
 The Parabolic Equation Method is a one-way 
propagation solution that neglects backscattered 
rays. It is a range-dependent code, with the ability to 
support discontinuous sound speed profiles but at 
frequencies higher than 1 kHz it is computationally 
extensive This method is coded within RAM and de-
rivative models like RAMGeo (Wang et al. 2014). 
 Other modelling methods include the Energy Flux 
Method, a hybrid solution between ray solutions and 
mode solutions and the Finite Difference/Finite El-
ement methods, a common computational approach 
to physical problems, but computationally very ex-
pensive (Wang et al. 2014). The final method to be 
mentioned is the Ray Method, used within the model 
Bellhop, and the model of choice for this paper. 
3.3 Ray-tracing with Bellhop 
 The Ray method calculates the path of individual 
rays coming from the source at different angles and 
the acoustic field level is calculated by summing up 
the rays near the receiver (Wang et al. 2014). It al-
lows for range-dependent environments including 
bathymetry and sea surface, however, the accuracy 
of this model is limited at low frequencies (< 200 
Hz), where diffraction and sea bed penetration oc-
cur. Interactions of rays with the sea floor are con-
sidered via the calculation of a reflection coefficient. 
The model used to implement the Ray method is 
Bellhop (Dong & Dong 2014)  in conjunction with 
Bounce for reflection coefficients (Maggi & Duncan 
n.d.).  
Bellhop is the propagation model chosen in this 
paper. This is largely due to its computational effi-
ciency, range-dependent input abilities and seafloor 
interaction consideration. The reduced accuracy at 
low frequencies was considered but as there is a 
large amount of contaminating shipping noise at low 
frequencies in the area being considered anyway, it 
was not deemed an issue. Bellhop is also a good 
choice given its inclusion within AcTUP (Acoustic 
Toolbox User interface and Post processor - V2.2L) 
a user-friendly Matlab toolbox that allows for a con-
sistent user interface between multiple propagation 
models. This includes Bellhop, Bounce, Kraken, and 
RAM. The interface of multiple models will allow 
this work to progress easily to a comparison of the 
models described in Section 3.2 in the context of this 
work in the future. 
4 COMPARISON OF MODELLING 
CONDITIONS: RESULTS 
Bounce and Bellhop were used to model the trans-
mission loss that would affect the acoustic emission 
signal recorded during the testing of the Lifesaver 
WEC in Falmouth Bay, UK, that was attributed to 
the PTO. This was briefly described in Section 2.2 
and is fully detailed in Walsh et al. 2016. The acous-
tic signature was broadband (100 Hz – 1 kHz) with 
tonal components at 30, 60, 80 and 100 Hz. At 200 
m from the source, these signals reached 90 dB in 
amplitude. Bellhop however is limited in its abilities 
for depths less than 20 times the wavelength consid-
ered. To ensure meaningful results were obtained, 
the highest frequency of significance (1 kHz) was 
used to create these results.  
4.1 Model parameters 
Two propagation models were created, one with ide-
alized conditions of a flat seafloor, flat sea surface 
and ideal reflector, and the other including a local 
bathymetry profile and actual sediment information 
for a more accurate modelling environment.  
Parameters varied within the model were the 
depth of the water column h, the speed of sound in 
the water column cw, the density of the water column 
dw, the speed of sound through the seafloor cf, and 
the density of the seafloor df. Table 2 outlines the 
different parameters used for both the idealized and 
actual models.  
The sound speed profile of the water column was 
kept at a constant value (1,500 m s-1) due to the 
small variation seen during the winter months due to 
increased mixing from the weather (Garrett 2015). 
For this reason also, the density was kept constant. 
However, the depth of the water column changed be-
tween models. The idealized model kept a flat sea-
floor 40 m deep whereas the actual model included a 
simple slope to represent the most extreme bathyme-
try seen in the area (Garrett 2015).  
The seafloor itself was given the default values 
from AcTUP for the idealized conditions. For the 
more detailed conditions, a sediment sound speed 
was used (Etter 2013), with a density of wet, packed, 
sand (The Engineering Toolbox n.d.). 
The model input frequency was 1,000 Hz. The 
source was placed at reference range of 0 m and 5 m 
below the sea surface to mimic the submerged area 
of the WEC from where the sound would propagate. 
4.2 Results 
These parameters were used for 2 Bounce and 
Bellhop configurations, one for idealized conditions, 
and one for a more accurate consideration of the lo-
cal environment. Figure 2 shows the results for the 
idealized conditions, the orange line showing the as-
sociated model bathymetry. This plot of Transmis-
sion Loss (in dB) as a function of range and depth 
shows how the rays of the model interfere through-
out the associated area to produce areas of concen-
trated TL and areas of very small TL. Figure 3 
shows the same plot for the more realistic 
 
Table 2. The significant environment parameters used within 
the idealized and detailed Bounce and Bellhop models within 
AcTUP.  ________________________________________________ 
Model   Water column      Seafloor ___________________  ______________ 
h    cw   dw    cf   df ___________________  ______________ 
     m    m s-1  kg m-3  m s-1  kg m-3 ________________________________________________ 
Idealized   40    1500  1024   1749  1941 
Detailed 40 - 60   1500  1024   2000  2082 
 
 
Figure 2. Transmission Loss (in dB) modelled as a function of 
range and depth for an idealized environment with Bounce and 
Bellhop. The orange line shows the model bathymetry; the AE 
source was placed at 5 m depth and 0 m range.   
 
Figure 3. Transmission Loss (in dB) modelled as a function of 
range and depth for a more realistic and detailed environment 
with Bounce and Bellhop. The orange line shows the model 
bathymetry; the AE source was placed at 5 m depth, at 0 m 
range.   
 
Figure 4. Comparison of the Transmission Loss (in dB) for a 
1,000 Hz signal through idealized and detailed propagation en-
vironments at source depth of 5 m and a receiver depth of 35 m 
(i.e. close to the seabed). 
and detailed model, showing again in orange the 
sloping seafloor used to approximate the local ba-
thymetry. Predictions using Equation 1 at R = 200 m 
(where the field measurements were made) yield: TL 
= 46 dB. 
5 DISCUSSION 
While Figure 2 and 3 provide a good aid to visualiz-
ing the sound field in the area and water column 
considered, it is difficult to understand the variabil-
ity of the transmission loss. Figure 4 however, 
shows the transmission loss at 35 m depth (the ap-
proximate depth of the receiver in the associated 
study) for both the idealized and detailed propaga-
tion models.  
Figure 4 clearly shows that multipath propagation 
in such a shallow environment creates huge variabil-
ity in the transmission loss that is especially sensi-
tive to position (range) as well as between input 
model parameters. The movement of the receiver by 
just a few meters through the range could create var-
iations in the transmission loss of up to 20 dB. This 
variability is much higher than the expected experi-
mental uncertainty of ±1 dB (Robinson et al. 2014) 
and has a number of consequences. 
Firstly, when such large variations exist, the abil-
ity to use back-propagation to calculate a source’s 
effective Source Level is near impossible. This has 
recently been considered in detail within the specific 
domain of Environmental Impact Assessments 
(Farcas et al. 2016), with similar conclusions. Re-
ceived Levels, if appropriately documented 
(Merchant et al. 2015; Robinson et al. 2014), should 
however be most useful when comparing different 
MRE devices.   
Secondly, from a more practical point of view, 
the marine environment is extremely dynamic, 
meaning that both source and receiver will move 
around their assumed positions. Wave Energy Con-
verters will move with winds, waves, currents and 
forces acting on their moorings to the seabed. 
Acoustic receivers will move due to underwater cur-
rents. Both types of influences can create variations 
in known relative positions of the source and receiv-
er of tens of meters. This in turn will impact upon 
any propagation model results with variations of up 
to 20 dB in transmission loss. 
Finally, Figure 4 shows that at 200 m range, there 
is a 5 dB difference between the two input model pa-
rameters. This highlights the importance of using the 
most accurate environment description, along with 
the exact frequencies to be considered. Model ap-
propriateness is further discussed across multiple 
publications, e.g. Farcas et al. 2016; Wang et al. 
2014; Etter 2013. 
Another significant result from Figure 4 high-
lights that there are significant areas where a large 
Transmission Loss is accumulated over a significant 
range. For example, in Figure 4, between 100 m and 
125 m, there is a sustained transmission loss of 45 – 
50 dB. Information such as this could inform the po-
sition of acoustic receivers when a specific frequen-
cy or signal is of importance, such as tonal noises 
from generators. These are generally low-frequency 
signals, and would need more modelling with a more 
appropriate model to confirm these “quiet zones” ex-
ist at lower frequencies.  
Other further work could compare the results of 
multiple well-used models within the field such as 
Kraken, Ram and Bellhop in the context of medium- 
to high-frequency AE signals. The influence of sea 
state, sound speed profiles and shipping will also 
need to be investigated.  
Further work specific to the Lifesaver data will 
look to compare the transmission loss across the 
known bathymetry paths of the multiple hydrophone 
deployments of Garrett 2015. Considering the dif-
ference in Transmission Loss across multiple ba-
thymetry profiles will provide a deeper understand-
ing of the differences between deployments.  
6 CONCLUSION 
For MRE to become a competitive industry in the 
renewable energy market, the cost of energy must be 
reduced. This can be achieved via condition-based 
monitoring using techniques such as underwater AE 
to monitor the health of an MRE device. Underwater 
acoustic propagation modelling can be used to better 
understand the effect of a device on the local sound-
scape. This can help to develop the practicalities of 
sensor location, numbers and even array design.  
This paper has shown the huge variability (± 20 
dB) shown by the propagation model Bellhop. With 
such variability, back-propagation to actual Source 
Levels becomes highly inaccurate and Received 
Levels, properly documented, are the best way for-
ward. This variability in shallow water is sensitive to 
environmental parameters such as bathymetry and 
sediment properties. Further work will compare with 
other propagation models and further develop the 
modelling associated with the Lifesaver deployment. 
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